The "critical shear velocity" and "settling velocity" of foraminiferal shells are important parameters for determining hydrodynamic conditions during deposition of Nummulites banks. These can be estimated by determining the size, shape, and density of nummulitid shells examined in axial sections cut perpendicular to the bedding plane. Shell size and shape can be determined directly from the shell diameter and thickness, but density must be calculated indirectly from the thin section. Calculations using the half-tori method approximate shell densities by equalizing the chamber volume of each half whorl, based on the half whorl's lumen area and its center of gravity. Results from this method yield the same lumen volumes produced empirically by micro-computed tomography. The derived hydrodynamic parameters help estimate the minimum flow velocities needed to entrain nummulitid tests and provide a potential tool to account for the nature of their accumulations.
INTRODUCTION
Accumulations of Nummulites and Assilina are common in late Paleocene to early Oligocene carbonate deposits, and differing hypotheses have attempted to explain the causes of their extraordinarily diverse geometry, texture, and composition (Jorry and others, 2006 , and reference therein). Some authors consider these larger foraminiferal accumulations as either shelf-edge detritus (e.g., Arni, 1965) or ramp deposits (e.g., Comte and Lehman, 1974) . Others regard such accumulations as reworking in high-energy environments, in which shells were transported by wave-or tide-induced currents or concentrated by storm events (e.g., Racey, 2001 ). Aigner (1985) attributed some of these accumulations to repeated winnowing, whereas Mateu-Vicens and others (2011) recently explained them as concentrated by internal waves.
These hypotheses could be tested if we knew the hydrodynamic conditions at the time of deposition. Because nummulitids probably hosted photosymbionts, their depth ranges likely coincided with at least one of several hydrodynamic processes such as surface waves, internal waves, and currents. Upon death each shell became a sediment grain, which enables calculating its transportability (sensu . Making those calculations on a range of shells in a nummulite deposit can yield frequency distributions of the hydrodynamic parameters "critical shear velocity," indicating the necessary force to entrain shells, and "settling velocity," a measure for suspension and transportability. The lower limit of these frequency distributions and their dispersion parameters (e.g., standard deviation) points to the intensity of hydrodynamic forces that acted during shell deposition.
Calculating the above hydrodynamic parameters requires determination of shell size, shape, and density (Jorry and others, 2006; Yordanova and Hohenegger, 2007; Briguglio and Hohenegger, 2009 ). These measurements are easy to perform on Recent foraminifera (Yordanova and Hohenegger, 2007) but more difficult on indurated nummulitids, in which sedimentary or diagenetic fillings have closed the test lumen. Although size and shape can be inferred directly from the shell diameter and thickness measured in preferred axial sections, shell densities cannot be quantified because it is impossible to measure the shell lumen, which consists of chamber volumes, the canal system, and pores. This paper presents a method for estimating lumen volumes based on axial sections of Nummulitidae, thus making shell density estimates feasible. From these data it is possible to recreate the hydrodynamic conditions that controlled the deposition of nummulite-rich sediments in the Paleogene.
MATERIAL AND METHODS
Two optimally preserved fossil tests with minimal chamber fillings and two Recent foraminifera were used to calculate density estimates. The Recent ones, both from Okinawa, Japan, include Palaeonummulites venosus (Fichtel and Moll), collected from a 50-m depth west of Sesoko Jima, and Operculina ammonoides (Gronovius), collected from an 18-m depth in the lagoon west of Motobu town (Hohenegger, 1994) . A late Eocene Nummulites fabianii (Prever) from Cluj-Napoca, Romania, and an early Oligocene N. fichteli (Michelotti) from Biarritz, rocher de la Vierge, SW France, represent the fossil forms.
Each specimen was scanned with a micro-computer tomograph (Micro-CT) at the Department of Theoretical Biology, University of Vienna. The key advantages of X-ray CT are its ability to reconstruct quickly and nondestructively the three-dimensional interior of opaque solid objects, if the density contrast is high enough to let the X-ray differentiate the internal features (Neues and Epple, 2008) . It can also quantify almost any two-and threedimensional measurement, including the volumes and surfaces of the lumina of all four scanned specimens. A dedicated three-dimensional visualization program extracted the virtual equatorial and axial sections. For each of the latter, the overall shell area was measured, as well as the area of each chamber visible in the axial section (Fig. 1) . For each chamber, the distance between its center of mass (i.e., centroid or center of gravity) and the center of the proloculus was also determined by image analysis. The EXCEL program TORICALC (Appendix 1), developed by the senior author, was used for the calculations.
canal system, and d) pores. Volumes a and b are termed macropores, and c and d micropores (Jorry and others, 2006) . In living foraminifera the lumen is filled with cytoplasm that is replaced by sea water in dead shells.
Initially the area A shell of the axial section must be obtained by image analysis, where the radii R 1 , R 2 , and R 3 , and the thickness H of the axial section are measured as displayed in Figure 1 .
The area A ellipse of an ellipse using the above linear measurements results from (1) where (2) in the case of an unknown position of the axial section (e.g., not cutting the final chamber).
Based on areas A shell and A ellipse , the volume of a spheroid approximating the empirical volume of the shell (V spheroid ≈V shell ) can be obtained by (3) For estimating the volume of the shell lumen, all areas a i belonging to a half whorl and distances d i of their centers of gravity to the proloculus center (index 0) have to be measured in increasing order (Fig. 1) , formally described as The volume of the shell lumen has been obtained here in two ways: "the half-tori method with constant radius r" and the "half-tori method with increasing radius r," where the volume of the proloculus is approximated in both methods by (4) 
Half-Tori Method With Constant Radius
Chamber volumes and other lumina will be regarded as half tori (i.e., half donuts), where the measured area a i of a half whorl in axial section will be replaced by a circle with radius 
Europe PMC Funders Author Manuscripts
Europe PMC Funders Author Manuscripts possessing an identical area to the cross section area (Figs. 1, 2A ). The center of the circle must be positioned at the center of gravity of the half whorl ( Fig. 1 ). Now, a half torus can approximate the lumen volume of the half whorl i by (6) When the axial section cuts the final chamber, the volume of the torus becomes
Half-Tori Method With Increasing Radius
In this method, both circles limiting a half torus differ in size, thus representing the continuous increase in lumen volumes (Figs. 1, 2B ). The beginning and end of the half torus is determined by circles with the radii
For the first half whorl the radius of the initial circle can be approximated by (9) while for the last half whorl the radius of the final circle is approximated by (10) The radius of a half torus is given by (11) with the exception of (12) Now the volume of a half torus with increasing radius r of half whorl i can be calculated by 
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Lumen Volume and Shell Density
With both methods, the volume of the shell lumen is given by (14) and can be related to the shell volume V spheroid by the percentage (15) To estimate the true density of a foraminiferal shell, the micropore lumen has to be added, which is difficult to measure in axial sections. Therefore, the micropore space (16) must be assumed by observations based on the proportion p of pore space in the shell wall using an SEM or NannoMicro-CT. The pore space has to be subtracted from the shell volume, yielding the true volume of the shell lumen (17) With volumes V spheroid , V wall =V spheroid −V lumen and V lumen , estimations of the shell density ρ are possible by (18) where the shell wall is calcite and the lumen filling can be seawater, cytoplasm, or air.
VOLUME ESTIMATION
Results of these calculations to estimate lumen volume were applied to two Recent and two fossil larger foraminiferal specimens selected for this study. Basic axial measurements are shown in Table 1 . The empirical lumen volume of the Recent specimens Palaeonummulites venosus and Operculina ammonoides (Fig. 3 ) obtained by Micro-CT was slightly lower than using the axial section methods (Table 2 , Fig. 4 ). For P. venosus, the half-tori method of constant radii yielded better results than the one using increasing radii. In contrast, the increasing half-tori radii method estimated the lumen volume better in O. ammonoides (Table 2 , Fig. 4 ).
The slight but significant overestimation in both methods is caused by disregarding the volume of the septa, which must be subtracted from the lumen volume. Septal volumes can be estimated only in equatorial sections of the same specimen from which the axial section is taken, an impossibility in sedimentary rocks. Despite this handicap, the estimate of the lumen volume in proportion to the total shell volume is very good in the Recent specimens (Table 2) , especially comparing the empirical proportion in O. ammonoides (37.5%) with the theoretical proportion obtained by the half-tori method using increasing radii (38.6%). The lentil-shaped shells of both fossil specimens Nummulites fichteli and N. fabianii (Fig. 5 ) led to precise estimates of shell volumes based on spheroids ( 
DENSITY ESTIMATION
Estimating the exact density of a foraminiferal shell requires incorporating the lumen volume of the micropores (pores and canals) (equation 18). Measurements on Recent nummulitid shell walls yielded pore volume proportions between 0.08-0.22 (Briguglio and others, 2011) . This value is lower than the measured pore volume for fossil Nummulites (between 0.25-0.36; Jorry and others, 2006) . Moreover, the proportion of the canal system has to be estimated because measurement of that system in axial sections is impossible. In this case, a micropore proportion between 0.20-0.40 may be assumed.
Densities of air-filled Operculina ammonoides and Palaeonummulites venosus shells were obtained by relating the weight measured with a micro balance to the shell volume obtained by Micro-CT (Table 3) . These densities were compared with densities using the empirical relations between wall and air-filled lumen volumes, both obtained by Micro-CT, based on equation (18). Different proportions of micropores were used to approximate the densities obtained by weighing. The optimum proportion of micropores is 0.335 for P. venosus and 0.20 for O. ammonoides (Table 3) .
Comparing the empirical densities based on Micro-CT volume, estimates with the two halftori methods reveals a slight underestimation in both of the latter, although the approach based on increasing radii leads to better approximations (Table 3) . The verified quality of these theoretical methods enables calculating the density of living shells filled with cytoplasm or empty ones with seawater (Table 3) , both being important considerations in marine transport. Densities of both Recent species differed when the shells were filled with seawater, with values of 1.83 for P. venosus and 1.87 for O. ammonoides; the half-tori estimates yielded slightly lower densities of 1.79 and 1.86, respectively. Density estimates using measured volumes and the half-tori approximation coincided better in both fossil specimens (Table 3) . Under the assumption of a 30% pore volume filled with sea water, the empirical and theoretical density of N. fabianii at ρ = 2.01 is somewhat higher than that of N. fichteli at ρ = 1.98.
HYDRODYNAMICS ESTIMATION
With mean shell diameter D and shell thickness H, the most important hydrodynamic parameters of critical shear velocity and settling velocity can be calculated for a single specimen. Flow velocities above the critical shear velocity, depending on the substrate (Yordanova and Hohenegger, 2007) , dislodge the shell from the sediment surface, while velocities above the settling velocity keep the shell in suspension and transport (Yordanova and Hohenegger, 2007; Briguglio and Hohenegger, 2009 ). The calculation of these hydrodynamic parameters follows the equations given in Le Roux (1997) , Jorry and others (2006) , and Briguglio and Hohenegger (2009) , and the results are shown in Table 4 . Hohenegger and Briguglio Page 6 . Author manuscript; available in PMC 2015 July 09.
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Critical shear velocity is similar for the Recent specimens Palaeonummulites venosus at 2.3 cm/sec and Operculina ammonoides at 2.4 cm/sec, and identical for the fossil specimens Nummulites fabianii and N. fichteli at 2.5 cm/sec. The entrainment of a sediment grain depends on the roughness of the substrate, the type of water movement, and shell shape. Therefore, the velocity necessary for entrainment is much higher than the critical shear velocity (Yordanova and Hohenegger, 2007) . Nevertheless, critical shear velocities can be used to compare entrainment differences between species and between ontogenetic stages of differing shapes within a species.
Settling velocity is important for interpreting transport. The Recent specimens P. venosus at 9.39 cm/sec and O. ammonoides at 8.09 cm/sec show lower settling velocities compared to the fossils N. fabianii at 12.79 cm/sec and N. fichteli at 11.65 cm/sec. These differences are caused by the size of the Nummulites specimens, which is double that of both Recent forms. Current velocities higher than settling velocities keep specimens in suspension, and transport distance depends on the intensity and decrease of current velocity and on slope inclination (Hohenegger and Yordanova, 2001 ). Furthermore, the influence of orbital velocities most important for entrainment and transport in suspension can be calculated based on settling velocity and critical shear stress velocity .
SUMMARY
Larger fossil foraminifers can be used to estimate ancient hydrodynamic conditions through the manipulation of size, shape, and density data obtained from axially oriented thin and polished sections. While size and shape are directly related to the shell diameter and thickness, density meaurements depend on estimated shell and lumen volumes. To obtain these volume estimates the foraminiferal shell is geometrically replaced by a spheroid of the same volume, configured from the diameter and thickness of the original shell.
The lumen volume of the macropores (chambers and lateral reticulate pattern), originally filled by cytoplasm and later replaced by seawater, can be estimated by two half-tori methods, one based on constant radii and the other on increasing radii. Both methods yield excellent estimates of chamber volumes as confirmed by Micro-CT analysis. The lumen volume of the micropores (pores and canals) are virtually impossible to derive from thin section but can be estimated by subtracting an average micropore volume (determined from experience with well-preserved shells) from the wall volume and adding it to the shell lumen volume.
Specimen shell density can be calculated by multiplying a) the wall volume with the density of calcite and b) the lumen volume with the density of air, seawater, or cytoplasm. The shell density would then be the sum of a) and b) divided by shell volume.
With the above information the important hydrodynamic parameters of critical shear velocity and settling velocity can be calculated for every axially oriented specimen. Combined with other sedimentary features, knowledge of these parameters could contribute enormously to interpreting the hydrodynamic conditions-still mostly unknownresponsible for nummulitid accumulations. Hohenegger and Briguglio Page 7 . Author manuscript; available in PMC 2015 July 09.
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